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1 ABSTRACT

The effect of , i'te__ion implantation at a dose rate of
2 X 1017 ions cm- n the electrochemica coavior of a highS- .
de ity sintered tungsten alloy has been investigated in C1- -free and

CI .4 - outaining aqueous solution buffered to pH values of 4, 9, and 12.
.. .A thr.ei*ep potentiodynauic polarization technique was used to compare

the polarization behavior of unimplanted and implanted surfaces. The
surfaces of the ion-implanted tungsten alloy were characterized by 

Auger
electron spectroscopic (AES) analysis( , )-
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The Effect of Ion Implantation
on the Corrosion Behavior,2........

a High&Density Sin tered
Tungsten Alloy

F. C. CHANG, M. LEVY, S. S. LN'

Aliftact using powder metallurgy techniques (isostatic compac-
The e@ec oi Cr, Ni, Ta. and in ion implantation at a dose Don of mixed metal powders followd by sintering in
ro of 2 x 10P ions cm - Ion the eecrochedmical corro- hydrogen). The bas* tungsten content was 97 -1%. The
sion behavlir of a high-densit sinere tungsten alloy matrix composition included 0.7% Fe. 1.6% N1. 0,1%
has been investigated in al-free and a-containing Co, and 0.5% Cu. Figure 1 is a micrograph of the &NOY
aqueous solution buflored to pH values of 4. 9. and 12. showing founded tungste paricles surrounded by a
A three-sweep pote waodynamic poleuinaton technique layer of ma sohd solution. Note the porosity in both
was used to compae the poAr-imliAn behavior of unim- the tungen. Waft and the matrix ay.
planted and implanted surfaces. The surfaces of the bon- Specimens for ele ctochemcal teoo were flat disc.
implanted tungeten aloy wore charactertatd by Auger 5/8 In. (16 mm) in diaee and 1 /8 in. (3.2 mm) thick
ecun sphc aecpic (AES) analysis. The exposed surface area was 1 cm2- The specimens

wore ground to a 64 root mean quAre (rms) finish.
I1v-1 m 1 Ownrinsed with distiled water WaeOne-degreased. air dried.

Shiee tungsten dloys am candidate matia" For and ion kmplanted-
cartain LOS Army apphcatl-' because of thsfr high densi- The aqueous solutions used for electrochefmcal tesw
ty. Unti recandy, the corrosio of tungsten doys has not were buffered to pH values of44. 9. and 12 with and with.
been consIded a a problem. Andrew. I al.,I repoted out 0.1 molar (14) Naa. They wsre prepared from labor.
that a 90 W. 7.5 Mt. 2.5 Co aloy readily corrodes when atory reagent chemnicals and dis-0ed H60 The buffers
eqposd to ai-seaisd wate vapor. The Ator in a used so fix the pH Included cit acid. disodium p-

' Pevis paprhowdai a ita~n alloy97 1 w.1.6 phae.e sodium hydrogen carbonate, and sodium hydroxi-
ft. 0.7 Fe. 0.5 Cu. 0. 1 Co also undergoes corrosion ide.
whenst posed so a chk 11 e-containing aqueous solution .Electochernical polarization m-easments were
Some Aehon of the esagoen Waft and locabsed at- muade udtilsn a three-sweep metod of potntodynami
%* al the mok alloy wore obsieved. The11f paper pol Ulast. Pior to sweeping the potential, the oped.
reput on 1w din*t of Cr. ft. Ti. and To implantation am wa allwed to remai n the solution for at least 30
onite 1 orroio behraior of a sintered gn aloyin minutes to permi the potential to come to a stady-seats
aque solutions of varying PH valus by elecitocheft- COrIN potential. The three-sweep metod involved a
eel techniques. positive direction sweep from the corrosion potential to

+ 1.6Vvs SCE Ths wasfollowed by anegaove diec-
Eup~s bl P~i~tion sweep to a potential 250 mnV more negative than the

TOe dsit~d tompten doy " was fatbricated corosion potential. Finally there was a second positive
.An MWO d"ht"aeshCw V00 dkec--Nn s weep to a potential of + 1.6 V vs SCE The
41*00 sweep rat used was 4 V/h throughout. Poltweliorns



The surfaces to be examined were carefully ch-osen
~)Ikmm4.so that the analyss was not mae an , a4,sor depres-

die surface topology was examnined and then an Auger
electron spectrum was taken. Fromn the sectrum. the

IA . ..... Lsurface elements and their concentrations could be oW
tained. The depth profile analyses were made ata

minimum of two locations of the specimen surlace. The
vaitons of those implanted elements, plus tungste.,
war -M -Mg throughout a sputtering period of fromn

20 to 100 minutes. The ion uueuin was continued un-
ti a slA stf sWWa of twipten was obtained. The

4 tations using the available sensiiviy factors.

RG@Wlt .. Dkrwsulin

p (Jnmpdntd W2 In Cl-Free Solutons-
* Efect of pH

The complete, three -sweep potontlodynamic
pols-Itao curvawsfrthe unimnplandtdtungsten aloy i
aqueous sodtons of pH values of 4, 9, and 12 am
shown i FPgue 2. In the pH84 solution during the firt
positive dirction ep. the ai-fanned aie film itre.
paied and replaced above 0.500 V by nonisedy-tate
fibm grwth and a consequenti increase i the anodic cur-
rent density fromn -50 pa/cmt to - 1000 pa/cm'. A
relatively well-merked hysteresis loop Is observed upon a
reverNaa of the swep, dhrecfnm. Anodic current densi'-e
are mhumsbwk gsom at core n pg-dhng potentials in dhe
p otal tw- g betee 0.-- 500-A and 1.40 V. It Is be.
loved that tie hystrsis loop is attibutable to crevice

dordoion crevice ata& wee obsed now the
merdsurfaces, anod some poroasty was present in the

virgi W aloy both in tungsn grins and i the mama
ay) OFN"r 3). S8 -No hyereu kloos hae been
rpoarted fmor qiedmens containing syntheti crovices-3 '

The major diiec in die second positiv direction
sweeSp is die qIpemuc of an anodic current density

bpeak at - 0.500 Vwhichmuibe due toanaloy"ngel
mat In the mooa Il tal.

uiii 1 dIw-- Thmo-swoop cuves tor theaoy inthe pH 9soiu-
WItsat 81Wp. inmatwAe. ebewlag don arsmlar to each other. They unhbi an acave/

pandipr Wm In O af at INK mrn 44WI passe Wandsmon at - -0.26 V arid a seconidery -sl
the M ~ at am at - +0.200 V. A Vartqimmive reoon it observed at

-1.400 V. Theraitnoaqpinnt -hystermkkmlop diar
the roese mwep. -,n the iwee-sweep, curves for the

wer Oake wth e Nowlen ay i baok die Wron arid alloy in sokmton of pH 12 an emeniddetia to one
~t~~t in , n mu in apgon prged solutions. a-nher. The anadi cumrent density increases to - 560
The tanwap r~aonfuas in -nlrmdat adossewi pa/coO where a remeins fairly con ow throughout die

Of 2 x UP' ton ow'. The onergy of singly charged poati mange -0.250to 1.140 V. showingthatdiheou-
Pedw Wans ud v-moe with de ion' pnig-ite: 156 ide 111. remis eusenvoly uncianged. in general. i-
NOV fr Cr; 165 KV r 1; 160 KeVfor Ta; anod 142 Fcre elndipH fron4 to 9to 12 serves to shiftthe coo-
Ke fo TI. The ion.olated %i an ay p ecImeI sian potsn- ii ie mnowe ave or elecrneg- Pu dkre-

ei~knd VAO an ECA/q ir mamn OWd tion Thep -u u s tobserved uponi incrasn die
-ot v m ip db (SAbQ -Nto-Iw befor pH fromn 4 to 9. where die corrosin poetal beomes
"A~ A ., 08afefn No. - 330 mV -oe negatve. Accordin to the Pourbahi

dingw for lunguten,g die pusivemon am- mags frown
Oft--s bpd wdO= Lama". Wamm. DC p940 o pH 4 fro de coion poaria and abiove, to
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in Figure 4. In this case, there are diffierences between the
first Positive sweep for Cr-Implanted W2 and the camr-

.'- ~.* .sponding sweep for unimplanted W2 at PH 4 and 9. At
pH 4, the Cr-implanted W2 ay is more difficult to
pasuivate and the anodic current density Is greater
throughout the entire potential range. In solution of pH

A 9, however. the Cr-implanted alloy ismore easil
- ~ ~ ~:passivated while the anodic current density increases at

ptnibabove 0.80 V. Teedata amcosstn with
the theoretical Pourbaix diagram for chromium,' con-
sidering Cr(OH), or CrA0 in solutions not containing
chloride. According to the Pouttlei diagram, chromium
should be corroding inlasohat of pH14 throughout the

S potential range of the firmt positve swee p. But at pH 9.

I. 'All - passilon is indicated, except at corrosion potentials
* *on Cr-inplanted Win the PH 9solution may bellht

INmore protective than those formed on the unimplanted
W2. In solutions of pH 12, the shape of the curves for

bohthe implanted and unimplanted alloy is esentially
the same, Indicat that the implanted specimen shows

FII 3lW S - mibs of W2 ailep Ass, no change in the film by the process or the chromium.
PIN S CIO sa Sehoe a ke cauye-
own. Nlck.I-Implanled W2 Alloy

* Figure 5 shows the posentiodynamic polarisawln
curves for NI-Implantd W2 alloy. The curves for both thes

1.4 V where the tungsten is covered by WO, or highe urwt and imlne malarial have simila shapes,
ONide WO1. WA -The corrosio ame extends from the but the anodic curren density for the implanied alloy is
crrOsin potential to - 14 V and above, at PH 4 to 16. grealer throughout the entire potential range of the
and in the more dalne solutions it has a slight tedenicy swes The main -re of corrosion from the Pourbeix
to decoma pos a - H0 with evolution of HP, dIssolvin as diagram hes between pH - 2 and 9. Also, a smad ame of
tungoc ions W04-2. In addition, the curves at higher pH passivation exists in the pH range of from 9 to 12. There-
exhibit reversiiiy whereas the curve at PH4 4 exhibits a fore. the implanted MI Provides no beneficial modification
mr1isie - i loop. of the oxide film throughout the pH range of 4 to 12.

ClorWeu-lmpivve W2 Alloy Tltaniurn-Impianted W2 Alloy
C1WCM~uM-bn~M~d W2 AlloyThe posenitiodynamic curves for theWalo m

The Pasentodynamic polarisation curves for the W2 planted with 2 x 10"1 TV Ions cm' (Fig4ure 6) ae similar
dyov Iplne I h 2 x 1011 Cr' i ons cm-'I we shown to corresponding curves for unimplarie W. But in solu.
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,r similar to that observed with the unimplanted alloy. How-
ever, the second positive direction sweep in this figure
differs from that observed with the unimplanted W alloy
in that the current density of the implanted alloy is an
order of magnitude greater. According to the Pourbaix
diagram, Ta2O',, a stable protective oxide, is formed in

, aqueous solutions of the pH range of from 0 to 14.
Nevertheless, larger currents were observed for the im-
planted alloy. This may be due to the high densities of the
elements involved (W alloy - 19.3 g/cm 3, Ta-13.6

41 ,"g/cm 3) and the magnitude of the ion energy (160 KeV)
' "employed for implantation, which resulted in very low

concentrations of Ta on the surface to a depth of 140 A.
Tantalum imlantation had little or no effect on the
polarization curves for the alloy in the pH 9 and 12 solu-
tions.

Unimplanted W2 in Chloride-Containing
:A Solution-Effect of Cl and pH

The complete, three-sweep potentiodynamic
FIGURE 7 - Surface of TI-mpllanted W2 polarization curves characteristic of unimplanted W2

after expoaure to potentiodynamic polariza- alloy in 0.1 M NaCI solution buffered to pH values of 4,
tion scans In the pH 9 solution without 9, and 12 are shown in Figure 9. These curves differ
chloride showing oxide fim. (7X) from the corresponding curves in a chloride-free environ-

ment as follows: the corrosion potentials are slightly more
active, except at pH 9 where they are essentially iden-

tions of pH 9 and 12, the magnitude of the anodic cur- tical; the passive current densities are markedly greater,
rent density throughout the potential range of the sweeps and hysteresis loops are observed at all pH values. In-
is reduced by the implanted species, indicating that the creasing the pH increases the anodic current density, par-
films formed on TI-implanted W are more protective than ticularly from pH 4 to 9.
those formed on unimplanted W. (See Figure 7.) Cl-Containing Solution-Cr-

Tantalum-Implanted W2 Alloy Implanted W2 Alloy
Figure 8 shows polarization curves for the Ta- Figure 10 shows the potentiodynamic polarization

implanted tungsten alloy in solutions of pH values of 4, 9, curves for Cr-implanted W2 alloy in the pH 4, 9, and 12
and 12. The shapes of the curves are similar to those of solutions. The general shapes of these curves are similar
the unimplanted alloy. The first positive direction sweep to the curves for the unimplanted alloy. The corrosion
with the Ta-implanted alloy in the pH 4 solution is very potentials remain essentially the same. In solutions of pH
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FIGURE 9 -Polarization curves of W2 in PH of: (a) 4, (b) 9, and (c) 12 solutions with
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FIGURE 10 - Polarization curves of Cr-Implansted W2 in pH of: (a) 4, (b) 9. and (c) 12 solu-
tions with chloride.

4 and 12, the anodic current density for the implanted Titanium-Implanted W2 Alloy
alloy is larger than that for the unimplanted alloy. At pH The potentiodynamic polarization curves for the Ti-
9, however, Cr reduces the anodic current density. implanted alloy in chloride solutions of pH 4, 9, and 12
These results are consistent with the Pourbaix diagram for are shown In Figure 12. In general, the shapes of the
chromium in solutions containing chloride and consider- curves are similar to those of the unimplanted alloy. But
ing Cr(OH)3.nH2O as the stable species. There is a more noble corrosion potentials and smaller currents are
relatively narrow region of passivity in the, H range of 8 observed for the implanted alloy. The hysteresis loops
to 9 in Cl-containing solutions. .observed in the reverse scans are broader than those ob-

served in similar scans for the unimplanted alloy. In sum-
Nickel-Implanted W2 Alloy mary, the MI implantation appears to have a beneficial ef-

Figure I1I shows the potentiodynamic polarization fedt on the alloy, especially in the pH-19 solution.
curve for NImplanted W alloy in chloride-containing Ta-Implanted W2 Alloy
solutions of pH values of 4, 9, and 12. The electrochemi-Th oetdyaiplrztoncvsfrT-
taha o of the r I implanted a lloy was quie. siia to implanted W2 alloy are very similar in shape to those for
NIa o Inpt in prvied ao beiial decie the the unimplanted alloy in Cl-containing solution as shownN 1 olrit~a rovdeda bnefcia efectIn he H 9 In Fkgue 13. The beneficial effects of the Ta-Implantation
solution, but produced highe anodic currents in the pH 4 are reflected in the smaller anodic currents at potentials
uid 12 sokltons. Agmin, results were consistent with th up to + 0.500 V in the pH-14 solution and to + 1.400 V in
Pouibobi Ap tOe PH 9solutiori.
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FIGURE 11 - Polarization curves of NI-Implanted W2 In pH of: (a) 4, Mb 9. and (c) 12 solu-
tions with chloride.

WILTS2.07 N4 01 a~ Iu (..7 p1e9*0.1N NacI TI/WI (233017) P3-12,0.1N lNACI

1 -2 1- 2 14 2

100h

1F 2

b b
FIGURE 12 - Polarization curves of TI-Implanted W2 In pH of: (a) 4, Mb 9, and (c) 12 aolu-
tien with chloride.C

"LIS
I TOMU 1121917) P1-40.111NOfCt Ta/WI (Isle,,) P11-940.111 MCI To/W 12 21017) P1101246.114 MOCI

U140 2

2 2

b c
FIGURE 13 - Plariation cuams of Ta-Implanted W2 In pH of: (a) 4, (b) 9, and (c) 12 selu-
tie. witb chloride.



TALE 1 - Sunnia of Ion-implanted W2 After
Polarization Tests

Specimen Suf EaneenUe o Depth Prof ie Aaly ms
Condition Sufce Otbr Tha

Ioa/W2. W. C. N. 0. & No (salt) Implanted Ion Oxide Thiciuss
P (pH). Before DP Analee Width (om) Width (ou)
X (mat) (a) a Strong Signal Error 10% Error 10%

W2P4 smooth Ni. Fe less than 0.05
W2P9 smooth Ni, Fe less than 0.01
W2P12 smooth NI. Fe less than 0.05
W2P4X deposits Ni(s), Fe more than 0.15
W2P9X deposits Nits). Fe more than I
W2P12X deposits Fe, Ni more than 0.4

TI/W2P4 smooth Ni 0.12 & shift less than 0.02
Ti/W2P9 smooth Ti. Ni. Fe 0.1 less than 0.02
TI/W2P12 smooth i(s), Ni, Fe 0.12 & shift more than 0.18
Ti/W2P4X smooth Ti(s), Ni. Fe 0.1 & shift less than 0.02
Ti/W2P9X deposits Ti. Ni. Fe 0.12 & shift about 0. 1
TI/W2PI2X deposits Ti(s). Ni, Fe 0.13 & shift about 0.15

NiVW2P4 smooth Ni(s). Fe less than 0.03 less than 0.02
Ni/W2P9 smooth Ni(s). Fe 0.08 about 0.03
Ni/W2P12 smooth Ni(s). Fe about 0.08 about 0.08
Ni/W2P4X smooth Ni(s). Fe more than 0.08 less than 0.02
Ni/W2P9X smooth Ni. Fe about 0.03 more than 0.15
Ni/W2PI2X deposits Ni, Fe less than 0.02 more than 0.1

Cr/W2P4 smooth Cr. Ni small Cr profile more than 0.1
width 0.05

Cr/W2P9 smooth Ni, Fe less than 0.01 more than 0.05
extended Ni depth

Cr/W2P12 coating Cr. Fe. Ni less than 0.01 about 0.05
Cr/W2P4X smooth Cr, Ni small Cr profile more than 0.1

width 0.05
Cr/W2PIX scales. Ni, Fe null more than I

Cr/W2P12X coatings Cr. Ni. Fe(s) less than 0.05 more than 0.2

Ta/W2P4 smooth NI, Fe trace none
Ta/W2P9 smooth Ni trace more than 0.04
Ta/W2P12 smooth Ni trace about 0.03
Ta/W2P4X spotty Ni. Fe trace less than 0.01

pits
Ta/W2PX ales Ni, Fe trace more than 0.6

coatings extended Ni depth
Ta/W2P12X spotty Fe(s). Ni none about 0.2

layers

Auger Analysis oxide layer, and it displayed a Gaussian depth profile
The results of Auger analyses of reacted specimens distribution. In general, thicker anodic oxide films were

are contained In Table 1 and summarized below, produced in chloride solutions. It is likely that Cl ions con-
tributed to the accelerated oxide formation.

Unlmplanted W2 Alloy
After the potentiodynamic polarization scans, the Ti-Implanted W2 Alloy

surfaces of all specimens were enriched with the matrix The depth profile for titanium before and after
elements of the W2 alloy, NI, and Fe. The amounts of Ni polarization runs was similar. Although there were vary-
and Fe on the surface increased in the chloride-contain- ing degrees of oxide formation as indicated by the oxygen
Ing solutions. The depth profile analyses showed that profile curves, the magnitude of the titanium signal in
anodic oxide films of varying thickness were present on these oxide layers was not changed appreciably and the
all specimens. The oxide thickness varied widely from a widths of the profile remained the same (about 0.1 gtm).
minimum in the chloride-free pH 9 solution to a max- (See Figure 14.) In some instances, a large concentration
imum of 1 pm in the pH 9 chloride solution. In the pH 9 of titanium was observed on the surface. This was prob-
chloride solution, two layers of Ni and W oxide films were ably due to the displacement of the Ti toward the surface.
found. The nickel film was present on top of the tungsten The Ni and Fe matrix elements also concentrated on the
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FIGURE 14 - Auger concentration depth profiles of TI, W, and 0
before and after TI-Implanted W2 subjected to potentiodynamic
polarization In pH 9 solution without chloride. Note the difference be-
tween the theoretical and actual profile of Ti.

top surfaces, and the enrichment of these metals on the the polarization runs (Figure 15). Even in the less corro-
surface was accelerated in chloride solutions. sive, Cl-free solutions, the Ta profile had nearly disap-

Ni-Implanted W2 Alloy peared, and the formation of Fe and Ni oxide layers pre-

The Ni-implanted W2 was unique in that the metal dominated in Cl solutions.

tended to accumulate on the surface. A high concentra- An assessment of corrosion behavior based solely on
tion of Ni on the surface was usually observed. The deth Auger analyses (depth profile, thickness of oxide layer,
tponrofiose was foundutoalterconsialy aered p toept distribution of W, and the matrix elements of the alloy) in-profile was found to alter considerably after polarization. dcaeth:(1gnrlyorsinnraeswhI-

In the Cl-free solutions, Ni was displaced significantly dicates that: (1) generally, corrosion increases with n-

toward the surface so that only a portion remained. But creasing pH and with the addition of C p and (2) among

in chloride solution, Ni disappeared. A significant oxide the implanted species, Ti provides the best protection.

layer formation was observed as pH increased in Cl solu-
tions. In the absence of Cl, the widths of the oxygen pro- Conclusion
file appeared to be associated with those of the nickel In brief summary, the unimplanted and implanted
profile, that is, a nickel oxide had formed. But in the Cl tungsten alloy exhibits an active/passive transition in the

solution (except for pH 9), the oxygen profile far ex- solutions studied, but the magnitude of the passive cur-
ceeded that of nickel; that is, other oxides had formed. rent density exceeded 100 pa/cm 2 in most cases.

Generally, corrosion rates Increase with increasing pH
Cr-Implanted W2 Alloy and in the presence of chloride Ions. The hysteresis loops

The behavior of the ion-implanted Cr varied widely observed during reverse sweeps are attributed to crevice
from solution to solution. The majority of Cr was found to corrosion and porosity in both the tungsten grains and the
concentrate near or at the surface together with Ni and matrix alloy. Among the Cr, Ni, Ta, and Ti implanta-
Fe. The surface topology changed markedly in the high tions, Ti improved the corrosion resistance of the
pH solutions with the formation of various oxide layers. tungsten alloy. The magnitude of the current density
In the Cl-free pH 9 solution, the formation of a Ni oxide throughout the potential range of the sweeps was re-
layer was observed. Although small amounts of Cr, duced. The Auger depth profile for titanium before and
represented by a narrow profile width and a low concen- after potentiodynamic polarization sweeps was similar;
tration, were detected in the low pH solutions, no Cr was i.e., the magnitude of the titanium signal in the oxide
detected in the high pH Cl solutions. layers and the width of the profile remained essentially

the same. Generally, Pourbaix diagram data and Auger

Ta-Implanted W2 Alloy analysis results were in agreement with the electrochemi-
Most of the Ta in the implanted surface was lost after cal data.
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